Recently discovered bacterial homologues of eukaryotic pentameric ligand-gated ion channels, such as the Gloeobacter violaceus receptor (GLIC), are increasingly used as structural and functional models of signal transduction in the nervous system. Here we present a one-microsecond-long molecular dynamics simulation of the GLIC channel pH stimulated gating mechanism. The crystal structure of GLIC obtained at acidic pH in an open-channel form is equilibrated in a membrane environment and then instantly set to neutral pH. The simulation shows a channel closure that rapidly takes place at the level of the hydrophobic furrow and a progressively increasing quaternary twist. Two major events are captured during the simulation. They are initiated by local but large fluctuations in the pore, taking place at the top of the M2 helix, followed by a global tertiary relaxation. The two-step transition of the first subunit starts within the first 50 ns of the simulation and is followed at 450 ns by its immediate neighbor in the pentamer, which proceeds with a similar scenario. This observation suggests a possible two-step domino-like tertiary mechanism that takes place between adjacent subunits. In addition, the dynamical properties of GLIC described here offer an interpretation of the paradoxical properties of a permeable A13′F mutant whose crystal structure determined at 3.15 Å shows a pore too narrow to conduct ions.
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allosteric transition | hydrophobic gate | cys-loop receptor family N eurotransmitter receptors mediate chemical communication in the nervous systems. In the case of ligand-gated ion channels typified by the nAChR (1, 2) , the receptor is a transmembrane pentamer carrying the neurotransmitter binding sites and the ion channel on distinct extracellular (ECD) and transmembrane (TMD) domains, respectively, and acetylcholine binding elicits channel opening through a global conformational transition, creating a flux of cations along their electrochemical gradient.
nAChRs belong to the cys-loop receptors family (CLRs) that includes serotonin, glycine, and GABA receptors (3) , and their gating plausibly involves an allosteric pathway that links the neurotransmitter sites to the channel (4), the interface between TMD and ECD playing a critical role in this process (4) . Furthermore, intermediate priming states in the gating process have recently been suggested (5, 6) .
The structural data of eukaryotic CLRs is limited to x-ray structures of the ECD (7, 8) and to a model of Torpedo nAChR derived from cryo-EM data at 4-Å resolution (9) . The discovery of CLR sequences in bacteria (10) and the demonstration that a Gloeobacter violaceus homologue (called GLIC), functions as a proton-gated cationic channel (11) were incentive to the resolution at 3.3 Å of the crystallographic structure of a full CLR from Erwinia chrysanthemi (12) in a closed conformation (called ELIC) and of GLIC at 2.9 Å resolution after crystallization at pH 4.6 in an open conformation (13, 14) . ELIC and GLIC structures resemble that of nAChRs but lack the unconserved intracellular domain.
Comparison of the GLIC and ELIC structures suggests a plausible mechanism of CLR gating that notably involves a quaternary twist movement previously identified by normal mode analysis (15) . A recent mixed elastic network study of GLIC and ELIC TMDs corroborates these findings (16) but without inferring the sequence of events elicited by agonist binding, because the ECD was absent from the simulation.
Ultrafast conformational changes of CLRs have been investigated computationally on a time scale of up to 60 ns. A recent 30-ns molecular dynamics (MD) simulation of ELIC (17) shows a remarkable stability of the channel, which remains dehydrated and thus closed throughout the simulation. Because the pharmacology of ELIC is unknown, its gating could not be studied. Other MD simulations used the cryo-EM structure of the nAChR or various homology models derived from it (18, 19) .
The present MD study was carried out with the atomic structure of GLIC, the only bacterial CLR with a known agonist. Recently, microsecond-scale MD simulations on large membrane proteins have been described for rhodopsin (43,222 atoms) (20) , the β 2 -adrenergic receptor (∼99; 000 atoms) (21) , and the integral Kv1.2 ion channel (∼120; 000 atoms) (22) . Here, a 200,000-atoms model of the fully hydrated membrane-inserted GLIC channel was simulated for 1 μs. We start from the open form of the channel at acidic pH after 20 ns of equilibration as described previously (13) . In order to describe GLIC's pH-elicited gating (here closing), and because little is known about the precise coupling between protonation state and conformational change (see refs. 23 and 24), we artificially split the process into two distinct steps. We first perform an instantaneous pH change, by setting the charges of the ionizable residues of the channel to their standard state at neutral pH. Then we observe the conformational transition elicited by this change (see Fig. 1 ). The simulation reveals an early closure of the channel followed by a concerted-yet still partial-transition, with two adjacent subunits following the same scenario, in a progressive manner, leading to a fully closed channel.
Results
A Rapid Asymmetric Closure of the Pore in less than 100 ns. The state of the channel was monitored by using the "Hole" software (25) . To whom correspondence may be addressed. E-mail: baaden@smplinux.de or delarue@ pasteur.fr.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 1001832107/DCSupplemental. receptor, the ion permeation pathway consists of a wide extracellular vestibule (more than 6 Å diameter) and of a narrower transmembrane pore (less than 4 Å diameter; labeled M2). By taking into account conformational fluctuations (represented as error bars), the overall shape of the outer vestibule and of M2's cytoplasmic intracellular mouth region can be considered constant. In contrast, the extracellular mouth of M2 undergoes a major reorganization during the first 100 ns; especially, the I9′ to I16′ region shows a radius drop from 4 Å to less than 1 Å, thereby fully closing the pore. Thereafter, this initially highly flexible region becomes rigid. An exhaustive plot of the whole channel pore profile is given by Fig. S2a . Fig. 2A further provides side views of two M2 helices with the pore volume shown as a mesh, confirming its obstruction in the upper part of M2 during the simulation.
A Global Quaternary Twist Movement During the 1 μs Simulation. The overall conformational transition of the channel is illustrated by superposing the initial and final inertial axes of each helix of the TMD (Fig. 3A) and of the whole ECD (Fig. 3B) . The behavior of each subunit is unique, and the evolution of the inertial axes displays asymmetry. However, the closing transition features an overall twist movement where ECD and TMD move in opposite directions (see arrows in Fig. 3A and B and ref. 15 ). This twist can be further quantified by analyzing cumulated rotations of z slices of the protein as presented in Fig. 3C , reaching þ8°counterclock-wise rotation in the TMD and −6°clockwise rotation in the ECD. The twist follows the initial tilt direction of the axes of inertia and is the same as in the comparison of the two known crystal conformations of GLIC and ELIC (13) . As previously inferred from this comparison, the ECDs rather move as rigid bodies ( Table S1 ), followed by the relaxation towards a closed conformation (step c, 1.06 μs). Only results from step c are discussed in this work. The curves with broken and plain lines represent energy landscapes for pH 4.6 and 7.0, respectively. Cross-sections of the channel illustrate each state involved in this scheme: an equilibrated open state at pH 4.6, an open state at pH 7 (simulation at 0 μs), and a state at pH 7 (simulation at 1.06 μs) on the way to the closed conformation. The protein's surface is represented in light blue with residues changing charge during the pH jump in red. The protein's crosssection is shown in black. The approximate position of the membrane is indicated by a gray rectangle. displays a timeline of cluster occupation showing that subunits switch between clusters both in concert and independently. This representation highlights two major events that result in a concerted switch of all M2 helices: First, all helices leave their initial A cluster after about 0.05 μs of simulation and twist clockwise around the pore axis; second, between 0.4 and 0.6 μs of simulation, M2 helices S2-S5 tilt their upper part toward the pore, whereas S1 moves away from it (see Fig. S2c for more details).
The conformational changes of the M2 helices can be further characterized by measuring their solvent accessible surface area (SASA) as shown in Fig. 4C . Normalized SASA was averaged over the first 100 ns of the simulation, reflecting both the openchannel state and the early closing motion, and for the last 100 ns, reflecting the end state. The initial SASA patterns for subunits S1-S4 are almost identical to that of the crystal structure. S5 shows changes resulting from its high mobility (indicated by larger error bars). The S5 helix rotates around its own axis, thereby exposing residues at 10′ and 14′ positions to the lumen. This rotation is associated with a secondary deformation with loss of the upper helix turn, starting at 16′. At the end of the simulation, all subunit patterns clearly differ from the crystal pattern. S5 still markedly differs from the other subunits with a unique motion involving, in addition to the deformation, a rotation, as illustrated by the difference at positions 7′, 11′, and 15′.
The qualitative agreement between the experimental results of Pascual and Karlin on nAChRs (26) and the data calculated from the simulation is good (Fig. 4C ) except at the bottom of the channel (intracellular end) at positions 1′ and 2′. Rearrangements of salt links are described in Fig. S3 .
Rearrangements of the M2 Helices Drive Global Reorganization of the
Protein. The unique behavior of subunit S5, particularly at the beginning of the simulation, is a striking feature of GLIC's transition. At 25 ns after the pH switch, the M2 helix of this subunit swings into the pore (Fig. 4A) and substantially closes the channel ( Fig. 2A, green curve) . In addition, in the first 200 ns, this subunit experiences a strong pivot in its ECD (Fig. S4b, Top) and undergoes, in advance of other subunits, a global tertiary deformation as can be seen from its structural drift (Fig. 4B) . The second ensemble of events, which starts at around 400 ns, primarily affects subunit S4, in a manner similar to subunit S5: M2 movement occurs between 400 and 500 ns (Fig. 4A) , followed by an important pivot (of the TMD this time) and tertiary deformation ( On the basis of the GLIC structure, we hypothesized that mutation of a pore-facing side chain within the gate into a bigger hydrophobic one would stabilize the closed state by increasing hydrophobic interactions. We therefore constructed the A13′F mutant. Its 3.15 Å structure was solved by using crystals grown at acidic pH, in the same conditions as for the wild-type open structure. Both structures superimpose almost perfectly, except for the bulkier 13′F whose side chains point inside the channel and should thus hamper conduction (Fig. 2B) . However, functional data show that the channel does open at acidic pH (see Fig. S5 ). This apparent contradiction might be resolved by an unusually high flexibility in solution in the vicinity of the mutation, allowing the 13′F side chain to open a passage for the flux of ions through the channel.
Water and Ions in the Channel. Channel hydration analysis initially shows a continuous water column that is disrupted early on in the upper half of M2, underlining the presence of a hydrophobic gate (Fig. S6a) . Furthermore, we observe that cations are attracted by the channel and accumulate within three distinct reservoirs, with an entirely cation-free gating region (see details in SI Text and Fig. S6b ).
Discussion
This simulation provides an attempt to describe the gating dynamics in the μs time range of a CLR, namely, the GLIC channel closure at the atomic level. It extends and complements recent approaches aimed at describing nAChR gating (4, 27, 28) . Even if the particular driving forces at the origin of the transition remain difficult to identify because (i) the conformational transition was not completed at the end of the 1 μs simulation, (ii) the simulation starts with a significant perturbation, namely, the instantaneous pH switch, and (iii) we have only limited statistics from a single trajectory, the trajectory exhibits a number of critical features that characterize channel gating. In particular, we observe that the hydrophobic gate undergoes large conformational changes disrupting channel hydration. A first subunit undergoes a two-step tertiary transition very early in the simulation, followed at 450 ns by a similar transition of its immediate neighbor in the pentamer. A mechanistic hypothesis for channel gating might be derived from these results, referred to as the "domino" mechanism, where a sequence of localized events propagating between adjacent subunits is nested within a global quaternary twist conformational change of the molecule. on substituted cysteine or histidine accessibility suggest a location at either the intracellular (29, 30) or the extracellular side of M2 (27, 28, 31) . Our analysis, combined with the recent report on ELIC (17), supports a location of the gate of GLIC and ELIC within two rings of hydrophobic residues in the upper part of the channel, as assessed independently from the pore radius analysis (Fig. 2) , from channel dehydration (Fig. S6a) , and from the existence of cation-excluded regions (Fig. S6b) . Whether our results are transferable to other CLRs remains to be established, but previous work already pointed to such a hydrophobic girdle as contributing to the gate in nAChRs (19, 28, 32, 33) . The fast ∼0.1 μs gating time scale observed herein is consistent with studies based on shorter calculations (19) but still out of reach of current electrophysiological approaches limited to a ∼10 μs resolution.
Water and Ions as Indicators for Gating. A hydrophobically gated channel is expected to show at least partial dehydration, thus disrupting the connection between intra-and extracellular media (34) . This disruption is precisely what happens here (Fig. S6a) . Such a change in hydration, related to conformational changes of the M2 helices, has recently been suggested on the basis of experimental data and Φ-value analysis (35) . These observations are corroborated by the absence of ions in this region, whereas nearby areas are cation reservoirs (Fig. S6b) . The most potent reservoir, R3, is located in the lower part of the channel where selectivity is thought to be operating. Electron density has been measured in this region of GLIC and was attributed to Cs þ , Rb þ , and Zn 2þ cations (14) . These results on hydration and ion propensity are also in good qualitative agreement with an 11-ns MD simulation on nAChR (33) .
Highly Flexible M2 Helices Initiate Gating. Conformational changes of the M2 helices are a hallmark of the gating process. Several types of motions were previously proposed for M2 helices: translation, rotation(s) of and around the helix axis, and backbone deformation. Here, all three types are observed (Fig. 4) . In particular, the subunit 5 M2 helix (S5, at the top) deviates from the others and swings early to close the pore. The propagation of this and subsequent events from one subunit to the other and from the M2 helices to the rest of the protein is still an ongoing process at the end of the 1-μs run. Even though the transition is not complete, the channel is fully closed and M2 motions agree with several observations. First, measurement of the rates of 2-aminoethyl methanethiosulfonate modification of cysteine mutants in M2 showed that positions 1′, 2′, 6′, 9′, 13′, 16′, and 20′ display faster accessibility for the open 1 μs) ; the bottom C2 panel shows the averages over 0.96-1.06 μs. (C3) Comparison of solvent accessibility changes between MD simulation data and substituted cysteine accessibility method (SCAM) measurements. The MD result for each residue was obtained by calculating the difference between the mean normalized SASA of S1-S5 over the last 100 ns and the crystal structure. The displayed SCAM results are −0.05 lnðk þ ∕k−Þ, where kþ and k− are second-order rate constants in the presence and absence of acetylcholine, respectively (26) .
than for the closed channel (26) . Our simulation fits these findings, as demonstrated by the difference between the mean accessible surfaces in the closed channel (0.96-1.06 μs) and the ones in the open-channel crystal structure (Fig. 4C) . Second, in the initial period, important fluctuations of S5 SASAs are observed. In the final period, the upper part of the helix loses the pattern typical of a tightly packed pore-lining helix. These independent facts denote flexibility and/or loose packing, a feature experimentally observed by using cysteine accessibility scanning of the GABA receptors (36) or looking at the ability to form inter-M2 disulfide bridges (37) . Third, the S5 subunit exhibits a unique motion involving a rotation (see the difference at positions 7′, 11′, and 15′ in Fig. 4C ) in addition to its deformation. Such a rotation was predicted on the basis of the nAChR EM structure (9) . Finally, we note that the M2 helix of S5 loses its upper C-terminal turn. Backbone deformations of the upper part of the helix were inferred by studying amide-to-ester mutations that prevent main chain hydrogen bond formation (38) .
Additional indirect evidence for the mobility of the M2 helices comes from our A13′F mutant crystal structure combined with electrophysiological data. The structure (Fig. 2B) shows a channel constriction in the gating region. This mutant channel is, however, functional, which implies that it can open a passage for ion permeation. Hence, the vicinity of the 13′F side chain has to be flexible. The same conclusion can be drawn from the large amplitude movements that we observed in this region of the protein during our simulation. Both observations lead to the interpretation that the mutant crystal structure is trapped in a closed state, where M2 flexibility is blocked, but will assume a conformational equilibrium in a membrane environment because of the enhanced flexibility at the top of the M2 helices.
A Possible Previously Undescribed Gating Mechanism in the Cys-Loop
Receptor Family. There is too little experimental data at present to guide and validate the extrapolation of the described process to a complete transition, by using, for instance, the conformation of the S4 and S5 subunits and the fivefold symmetry to generate the 3 other ones, thereby producing a quantitative structural model for the closed state. Nevertheless, we wish to propose an hypothetical, qualitative model of the full conformational transition that, accordingly, would progress from one subunit to the neighboring one, through a "domino-like" process, and involve at least two steps: large fluctuations at the top of the M2 helix, followed by a more global tertiary rearrangement of the whole subunit.
In the first phase, large fluctuations would occur in one subunit S n in the form of fast, local, asymmetric conformational changes at the top of the M2 helix. The second phase would consist of slower, long-range, concerted reorganizations implying tertiary deformations of the S Ã n subunit and propagation to the whole TMD, driven by the M2 helices. Propagation would occur between adjacent subunits, from S Ã n to S n−1 , similar to a domino chain. Simultaneously, the TMD changes elicit a global twist motion, whereas the ECDs twist in the opposite direction. These changes would lead to quaternary reorganization, initiated in the same subunit and then affecting the whole pentamer. This "domino model" might plausibly apply to the entire CLR family.
It is remarkable that the first events occur in the ECD-TMD interface of a single subunit as large amplitude fluctuations, later stabilized by the rest of the subunit, rather than the opposite scenario involving first a conformational change at the interface between subunits in the ECD, at the level of the known agonist binding site, that would subsequently propagate to the TMD to close the gate. In our simulation, the M2 fluctuations occur spontaneously, perhaps because agonists (protons) have been removed for all subunits simultaneously after the abrupt global pH change. It is not known for certain if these large fluctuations are directly caused by a protonation change of the whole subunit or if they are independent of the presence of the agonist. However, the observed sequence of events, namely, the tertiary relaxation after the large M2 movements, suggests that the latter are transiently occurring events, either in the presence or in the absence of agonist, whose binding then merely stabilizes and selects this new conformation by a "population shift" mechanism (see refs. 39 and 40) .
More simulations with different starting points are needed to assess the universality of this mechanism but are beyond the scope of the present study.
Comparison with Experimental Data for the Cys-Loop Receptor Family.
It is difficult to confront the present simulation to electrophysiological data because they concern different time windows: nanoto microseconds for molecular dynamics simulations and tens of micro-to milliseconds for single channel recordings. Still, the model has several implications that appear to fit recent electrophysiological data.
First, even with the symmetric homopentameric GLIC channel, the transition starts with a specific motion of just one subunit initiating channel closing. This observation suggests that, in the case of heteromeric nAChRs such as the muscle type, gating may be initiated by any one particular subunit. Mutational analyses indicate that alpha subunit(s) mutations have stronger allosteric effects than at homologous positions in nonalpha subunits. This difference suggests that alpha subunits might be the initiating ones in this case (4).
Second, a major prediction of the simulation is that closure is initiated in the upper part of the channel. It is noteworthy that the three rings of hydrophobic residues that drive the process were shown to play a role in receptor gating, and their mutation into hydrophilic residues produces pleiotropic gain-of-function phenotypes in virtually all CLR subtypes (41) . For GLIC, mutation I9′A strongly slows deactivation (11), a feature consistent with the idea that this process is facilitated through its interaction with hydrophobic side chains. In addition, by measuring the single channel opening and closing rate constants of numerous mutations of the muscle-type nAChR, Auerbach and colleagues proposed that structure of the transition state in the activation process resembles the open conformation in the ECD and that of the resting (closed) conformation in the TMD (27) . This scheme suggests that activation is initiated in the ECD but conversely that deactivation is initiated in the TMD, because their mutation alters preferentially the closing rate constants; this is consistent with the present simulation.
Conclusion
The present work provides a possible atomistic model of the gating process for the bacterial GLIC receptor that may be valid for the whole CLR family. Gating occurs very rapidly with an initial closure event on the sub-0.1 μs time scale. A hydrophobic gate forms between the 9′ and 16′ pore-lining residues involving a global twist motion. An early local intrusion of the top of the M2 helix into the pore is observed, followed by a tertiary rearrangement of the whole subunit and propagation of these changes to the neighboring subunit. Extrapolation of this scenario might provide a model for the transition that can altogether be described as a two-step domino mechanism for channel gating, where closing is initiated by large fluctuations inside the pore. Further studies aiming at sampling the initial state at the time of the pH jump are necessary to consolidate these findings. In particular, the inverse experiment of opening a closed channel should be possible, provided that the issue of the precise protonation state of all aspartate and glutamate residues at pH 4.0-4.5 is settled. We are currently working on this problem that requires refined methods to predict side-chain pK a s for membrane proteins in their native environment.
Methods
Molecular Dynamics Simulations. Full methods are in SI Text including details about additional control simulations (Figs. S1 and S7). Molecular dynamics simulations were performed with GLIC inserted into a fully hydrated palmitoyloleoyl-phosphatidylcholine bilayer [content of the 108 Å × 106 Å × 168 Å simulation box: 5 protein chains, 307 lipids, 43,992 water molecules, and 54 Na þ , 89ðpH 4.6Þ∕34ðpH 7.0ÞCl − ions]. The crystal structure was equilibrated at pH 4.6 during a 20-ns production run (13). Acidic side chains were then assigned partial charges according to standard deprotonated states at pH 7.0 and the production simulation of 1.06 μs was run.
Crystal Structure of the A13′F GLIC Mutant. The A13′F mutant was produced as described (13) . Datasets at a maximum resolution of 3.15 Å of single frozen crystals were recorded at Source Optimisée de Lumière d'Energie Intermé-diaire du Laboratoire d'utilisation du rayonnement électromagnétique and European Synchrotron Radiation Facility. After integration of the spot intensities with XDS, scaling of batches with CCP4, and refinement with BUS-TER, the final crystallographic factors are R ¼ 21.5% and Rfree ¼ 22.4%. The structure falls in the 93rd percentile among structures of comparable resolution according to the MolProbity validation server (see Table S2 for details).
ACKNOWLEDGMENTS. This work was performed by using high-performance computing resources from Grand Equipement National de Calcul Intensif Institut du développement et des resources en informatique scientifique (Grant 2009-072292 to M.D.). M.B. thanks the French Agency for Research for funding (Grant ANR-07-CIS7-003-01). H.N. is funded by the European Neurocypres project.
